Introduction: This study determines Chinese body segment parameters based on a magnetic resonance imaging method. Methods: Fifty young Chinese men (21.5 T 1.52 yr) participated in this study. Magnetic resonance images were obtained using a GE magnetic resonance imaging 1.5-T scanner with 10-mm thickness. The magnetic resonance digital images were analyzed using medical imaging software. This study separated the human body into 14 segments, including the head and neck, trunk, upper arm, forearm, hand, thigh, shank, and foot to calculate the percentage of mass of total body mass (%M), center of mass location (%CM), and moments of inertia (I) Compared with other cadaver-based and in vivo studies, our findings indicate a lower %M and %CM at the hand, forearm, and trunk but higher %M and %CM at the head. The differences may be due to the race, lifestyle, age, and level of participants. The discrepancies in segment boundaries and coordinate system may also contribute to these differences. Most previous studies have either used cadavers from older Caucasian men or drawn conclusions from a limited sample size. Conclusions: This study establishes a new model to provide thorough information of Chinese body segment parameters for enhanced ergonomic design and more accurate human movement studies.
A nthropometric data are essential for human motion analysis, ergonomic design, and sports science studies. The applications of body segment parameters (BSP) include early development of Air Force pilot studies, human movement studies, and later contemporary walking robot research. The discrepancies in anthropometric data caused by race and measurement technique are widely known. Previous human movement studies mainly used the data of Caucasian subjects; however, because of human body differences among races, unknown discrepancies exist. For example, Caucasians have spherical heads, oval faces, and longer limbs, whereas Asians have broad faces and lower body height (18) . The differences in anthropometric data are obvious among different races, which can be used to classify the human race. Therefore, the BSP of different races should be used more carefully to reduce the calculation error in human movement studies and ergonomic design.
Many anthropometry surveys using various techniques for different races have been conducted (20) . However, those conducted on Chinese using an in vivo technique to determine the body inertial parameters in three dimensions are scant. Furthermore, the accuracy of human movement study is based on the kinematic parameter inputs of body segments. Paolo de Leva (6) mentioned that different body segmentation approach would affect the accuracy of human movement studies. Rao et al. (17) also suggested that the calculation of musculoskeletal forces and the torques of joints are sensitive to BSP difference, particularly for non-weightbearing or rapid movements. The inverse dynamic analysis of these movements without external loading or with large acceleration is sensitive to the accuracy of participants' BSP (21) . Thus, previous studies did not thoroughly consider factors like human race, measurement techniques, sample size, age, and segmentation procedure, which all play important roles in the BSP model accuracy.
Classical anthropologists have used measurement and observation methods to describe the body geometry parameters for characterizing human shapes and sizes. To improve the accuracy, we used the radiological technique in vivo to determine the inertial parameters of human body in three dimensions, such as the gamma radiation technique and computed tomography (CT) scan. Compared with other anthropometry techniques, including cadavers (5,7), reaction board, water displacement (19) , mathematical modeling (9) , and photogram metric (12) , the advantage of using radiological technique is that it is easier to obtain accurate detail measurements in vivo from living human subjects. Besides, the body composition of a cadaver is dissimilar to a living human and can lead to BSP calculation errors. Brooks and Jacobs (1) used the gamma radiation scan to determine BSP in animals. They found a maximum error of 4.6% for the moment of inertia of the leg. Rodrigue and Gagnon (19) used CT scan to determine forearm density for cadavers and calculated the density estimates within 4.81% of criterion values obtained from direct measurements. Their results of gamma radiation and the CT scan technique were promising and indicated that this method provides an accurate measurement of inertial properties.
A relatively new rapidly developing technology for imaging body tissues is MRI (16) . Compared with gamma scan (1, 24) and CT scan (10, 19) , the advantage of using MRI is that soft tissues in MRI are easier to recognize to enhance measurement accuracy. Martin et al. (12) first studied MRI scans for BSP applied to baboon cadavers. The human body MRI data available are the shank MRI from Mungiole and Martin (14) and the trunk MRI from Pearsall et al. (16) . MRI information from Cheng et al. (4) was limited because of the small sample size, and the 20-mm interval of MRI scans was too large, allowing certain data to slip away in particular areas around the joints and complex human body parts such as the hands and feet.
In view of these issues, a more accurate BSP model that considers the effect of race, in vivo data collection, sample size, age, and segment boundary method is needed to the studies in rapidly developed countries in the Asian region. Therefore, this study establishes a young Chinese men BSP model to determine valid measures of BSP based on MRI imaging for future application.
MATERIALS AND METHODS
Fifty healthy Chinese male adult volunteers participated in this study, with an average age of 21.5 T 1.52 yr and a mean height of 174.34 T 5.66 cm. The participants were informed and required to provide written consent before enrollment into this study. This study was approved by the institutional review board of Tzu-Chi General Hospital. A microelectronic weight scale (combined error = T0.01 kg; TANITA Inc., Japan) and an anthropometric device were used to measure the mean body weight and the body mass index of participants, which were 69.22 T 8.43 kg and 27.33 T 2.11 kgIcm j2 , respectively. The mean percentage of relative body fat was 16.93% T 2.11%, which was determined from MRI data later. Participants had no special symptoms to be restricted from an MRI scan. This study was conducted at the Department of Medical Radiology, Tzu-Chi General Hospital (Hualien, Taiwan). MRI material was obtained with a GE (Horizon LX echo speed; GE Inc., USA) 1.5-T whole body scanner. The spin-echo sequence was set for repetition time of 450 ms and echo time of 8.5 ms for all acquisitions. The MRI setup parameters were selected from 30 slices in a single acquisition sequence. To use T1-weighted imaging for mirroring body adipose and lean tissue contrast and to maintain an optimum signal-to-noise ratio, we acquired a metric size of MRI imaging on a 512 Â 512-mm matrix within a 480 Â 480-mm field of view (FOV). MRI is an electromagnetic echo using the magnetic field gradient to formulate the signal location and uses Fourier analysis to analyze the signal and image composition. During the digital imaging process, a computer was connected to analyze images. Participants reposed on a gantry in an anatomical reference position shown in Figure 1A , the transverse slices of 10-mm thickness were acquired without skip and overlap, and the expected foot segment was acquired in the frontal plane based on anatomical position. Because the gantry moving distance was limited to scanning the whole body per operation, two procedures were required to cover the entire lower trunk between acronym anterior superior iliac spine and the perineum for all subjects. All the DICOM format imaging data of medical radiology were transferred to a personal computer for analysis. Complex and large amounts of data were calculated by running Excel macros (Microsoft, USA) to obtain the BSP.
In this study, the human body was separated into 14 segments to calculate the percentage of mass (%M; ratio of segment mass to the total body mass), the percentage of center of mass location (%CM; ratio of the center of mass position along the longitudinal axis), and the moments of inertia for each segment of the three axes. A total body was composed of 14 segments defined as the head and neck, trunk, upper arms, forearms, hands, thighs, shanks, and feet. The proximal and the distal end point boundaries of each segment were defined in Table 1 . Because the boundary between trunk and extremity was not easy to determined, we clearly marked the boundaries between the trunk and the upper arms and between the trunk and the thighs, as shown in Figures 1B and 1C . To divide the trunk and upper arms, we located the original two-dimensional transverse coordinates of the axilla and acromion from the MRI slice, followed by equally dividing the horizontal distance between the two coordinates into numerous slices, and then forming a ladder-like imaginary line to separate the trunk and the upper arms. The same method was used to separate the trunk and thighs. The body segmentation method of this study is similar to the segmentation procedure used by Zatsiorsky and Seluyanov (24) , and the edge was started at perineum point with 37-from vertical in Zatsiorsky and Seluyanov study. The edge in this study was the boundary line to link bony landmarks anterior superior iliac spine to perineum, which can be easily recognized in MRI.
Each MRI slice imaging pixel region related to specific tissues was identified by a gray level, and each tissue exhibited showed up with a specific brightness. The operator was required to differentiate all tissues by using a digital drawing panel (ACE CAD Enterprise Co., Ltd., Taipei, Taiwan) and medical imaging process software (SigmaScan Pro 5.0; SPSS Inc., Chicago, IL). Four operators, who were specifically trained for 6 months with at least 3 yr of work experience, digitized the boundary coordinates of different tissues, circled the outline of each tissue for every slice stepwise, calculated the area of each tissue, and then obtained the digital data of area and CM. Each tissue was assumed to be composed of a certain frustum, derived from multiplying the volume by its density. The moments of inertia for each segment were then determined around the three anatomical axes using the parallel axis theorem. The following sections show the procedure to calculate BSP data.
Area and coordinate correction. The actual 512 Â 512 pixel MRI slice imaging was displayed on an FOV 480 Â 480-mm area, and the actual area and coordinate were determined by equations 1 and 2:
where A is the actual area after correction, a is the area before correction, X is the actual coordinate after correction, and x is the coordinate before correction. Mass. To calculate the volume (M) shown in Figure 1E , we calculated the first and last slices of each segment as a cone. For the remaining slices, every two adjacent MRI slices within the same tissue were calculated as the frustum with a height of 10 mm (the interval between scan planes was 10 mm), and the frustum's volume was determined by equation 3. The precise density of human tissues and organs is required when calculating inertial parameters of the human body, and such data for this study were acquired from the anatomy laboratory of the Norman Bethune University of Medical Science (Changchun, China). Fresh cadaveric tissues and organs were obtained from six cadavers (21.2 T 0.75 yr, 171.8 T 2.46 cm, 71.4 T 1.38 kg) within 12 h after death. The anatomy procedure separated large organs first, followed by obtaining tissues. The water displacement method was adopted to measure the volume of each tissue and organ, by which weight was measured by anatomic weighing scales (combined error = T0.01 kg) to obtain their average density. The containers used for the water displacement method were a 50-to 500-mL graduated cylinder and a 1-to 5-mL scale dropper (combined error = T0. 1 mL . The frustum tissue mass was derived from multiplying the tissue volume by its density. The mass was determined by equation 4:
where M is the volume, A is the area, h is the height, Q is the density, j is the tissue, and i is the slice.
Center of mass location. The slice was 10 mm in thickness. The CM z first located segment slice was 5 mm, and the second slice was 15 mm. The CM x and the CM y of each slice were obtained by medical imaging process software. A common origin allowed scans to be combined to express the CM of the segment. For instance, the CM was obtained by mass distribution evaluation, and the mass was divided by the total calculated mass of segment derived by an estimated location of the CM related to the origin (x 0 , y 0 , z 0 ,). Shown as the CM x in the x (transverse), the direction was determined using equation 5. A similar equation was used to determine the y and the z axes:
Moment of inertia. The evaluation of moment of inertia was modified from Chandler et al. (2), Pearsall et al. (14) , and Cheng et al. (4) . Because the irregular shape of the object would affect the moment of inertia, this study used the single pixel inertia (SPI) concept with a minimum unit to evaluate the moment of inertia of any single pixel for all tissues of each slice. We then integrated the data to obtain the segmental moment of inertia shown in Figure 1D . This SPI was given one pixel mass, derived from multiplying the pixel volume by its density. For instance, the FOV of the thigh was 480 Â 480 cm, the distance of the center object shape on the x-axis and y-axis of a single pixel was derived from (480/512)/2, and the distance of the center object shape on the z-axis was 5 mm (the slice thickness was 10 mm). Thus, the moment of inertia of a pixel on the x-axis was solved from equation 6 using a parallel axis theorem to calculate the total inertia of each segment. The data were obtained using medical imaging analysis software for subsequent calculation. The inertia around the x-axis (transverse axis) was determined using equation 7. A similar equation can be applied to the y-axis (anteroposterior) and z-axis (longitudinal):
where M p is the volume of pixel and I px is the moment of inertia of single pixel.
RESULTS AND DISCUSSION
This study has established a new BSP model of 50 young Chinese men using MRI. Table 2 shows the results of relative mass, center of mass location, and moment of inertia. Trunk segment was chosen for the operator's reliability test because the trunk has a more complex structure with many different organs and soft tissue. Four operators digitized the data from six participants. The digitizing procedure for each slice was performed twice, and the mean value for each area served as the base for subsequent tissue volume calculations. The different test-retest coefficients were 0.052% for muscle, 0.057% for bone, 0.028% for fat, 0.007% for heart, 0.001% for liver, and 0.007% for other organs. The differences among mean volumes obtained from the operators were nonsignificant for each tissue. The comparison results of relative mass (%M), center of mass location (%CM), and moment of inertia (I) with other studies are shown in Table 3 . The accumulated mass of all segments was 103.8% of actual body mass in the study by Cheng et al. (4) and 97.7% in the study by Dempster (7), whereas this study showed 99.77% (within 1% difference). This result indicated the operator techniques were within the scope of stability and accuracy.
Researchers worldwide have studied human inertial parameters for centuries. Countries such as the United States (5,7) and Russia (24, 25) have conducted long-term studies and established a set of human inertial parameters for the Caucasian race. Compared with Caucasian data of studies using cadaver (5,7), slight deviations were found. The percentage of segment mass was similar at the feet, shanks, and head; higher at the upper arms and thighs; and lower at the trunk and forearms (Table 3) . A similar trend was found by comparing with Caucasian data of study using radiological technique (24, 25) , except the percentage of segment mass was similar at the trunk. Besides, the locations of CM showed considerable variances compared with other studies using Caucasian subjects. Because suitability is an essential requirement in human motion study and ergonomic design, human-related research should give priority to human inertial parameters that contribute to suitability. When using Caucasian race human inertial parameters to estimate Mongolian research, an unknown gap often exists in real human motion because of extensive differences between races and human models (2) . Therefore, the segment data from Dempster (7), Clauser et al. (5), Zatsiorsky and Seluyanov (24) , and Zatsiorsky (25) are unsuitable for the studies using Mongolian participants. Furthermore, this study also compared with the data of previous studies using Japanese and Korean subjects (13, 17) . The percentage of the segment mass of the head and trunk mass was lower than that of Japanese cadavers. The percentage of the segment mass of the upper arm and thigh was higher than that of Koreans. The discrepancy was caused by race and measurement technique. The use of MRI in establishing human inertial parameters has been widely applied in movement analysis to establish individualized human inertial parameters. This Chinese MRI BSP study could prevent errors from race difference and inherent margin, and such an issue should be considered when adopting future research data.
Human inertial parameters typically used for human motion study and ergonomic design are primarily based on data from cadaver studies. The MRI method for BSP study began with Martin et al. (12) on baboon cadavers. Mungiole and Martin (14) continued the study by comparing MRI results with other traditional methods on the shanks of 12 young adult male distance runners. This study showed that M and CM location all fell within the value range; however, M tended to be higher. A subsequent study was performed by Pearsall et al. (16) , focusing on the trunk of a male in vivo using MRI; this study indicated that in the pursuit for more accurate BSP, specific population groups (race), sex, age, body type, and fitness level should be evaluated. Cheng et al. (4) were the first to use MRI in a whole body scan, with eight participants, to determine the BSP. However, having too few participants resulted in failure to establish a proper database for future investigation. MRI is currently the most advanced method in studying human inertia parameters; both Cheng et al. (4) and this study applied MRI to establish a male body inertial parameter in Chinese people. Dempster (7) Clauser et al. (5) Zatsiorsky (25) Mungiole and Martin (13) Pearsall ( Cheng et al. (4) compared Mongolian and Caucasian populations using MRI scanning at a 20-mm interval from eight adult men. The results showed that estimates were close to the data derived by Dempster (7) with a slight deviation. We used a 10-mm scanning interval from 50 adult men and with effective quantification analysis proceeded to provide a more accurate and enhanced resolution than that of previous studies. Hence, this study confirms that the MRI quantification technique offers thorough data to provide an accurate Chinese BSP model. Comparing the cadaver studies of Dempster (7) and Clauser et al. (5) , the percentage of segment mass showed considerable variance. In addition to racial differences, the substantial discrepancies noted using the mass norms might have been partially due to different boundary divisions. For instance, Clauser et al. (5) (13) to represent the density for cancellous bone and compact bone. The constant density may have caused the overestimation of bone mass, resulting in 103.8% of segment summation that was larger than the real body mass. However, the 97.7% of total body mass in the Dempster (7) cadaver study may have been partially because of the loss of blood and formalin around the surface fluid. As our study did not have the problem of loss of blood and formalin around the surface fluid and the overestimation of bone mass, the accumulated total body mass was 99.77%, demonstrating measurement accuracy.
The mean estimates of CM location in this study were expressed as a percentage of segment length from the proximal end. Despite the correct segment length, this study showed considerable variances in the estimates of CM location compared with other studies because of the discrepancies of coordinate origins defined. The CM location values of our study were similar to those of Zatsiorsky (25) at the head, neck, and shanks and to those of Mungiole and Martin (13) at the shanks. For this study, the location of the coordinate origin in the segment axis system was set on the center of the proximal end, whereas previous studies calculated the coordinates of CM from the distal end. For instance, Dempster (7) and Cheng et al. (4) included the head as part of the trunk and obtained a CM location of 60.4% and 60.2% from the vertex. Zatsiorsky (25) presented a %CM value based on the distal end at the upper arms, forearms, and hands. Hence, future studies applying BSP data in human motion analysis must exercise caution. Our study expressed the CM location as a percentage of segment length from the proximal end consistently, as shown in Figure 2 , which is more suitable and clearer for applications.
The moment of inertia of each segment regarding I x , I y , and I z was near to the results of Cheng et al. (4) but higher than the results of Pearsall et al. (16) at the trunk. The human body structure may be a factor with direct influence on moment of inertia. Among specimens, considerable differences were often found, and the differences in human body structure may be caused from variance in race, lifestyle, gender, age, and fitness level of the participants (23, 21) . In addition to the discrepancies of segment boundaries and coordinate locations, future research should consider other factors of influence.
CONCLUSIONS
The difference in anthropometric data caused by race and measurement technique is well recognized. The discrepancies in segment boundaries and coordinate system may also be contributors. Most previous studies have either used cadavers from older Caucasian men or drawn conclusions from a limited sample size. This study established a new BSP model on young Chinese men using an in vivo technique to determine the inertial parameters of human body in three dimensions and to provide thorough information of Chinese BSP, in hopes of enhancing future ergonomic design and laying the ground for more accurate human movement studies. FIGURE 2-An MRI BSP human model (*, the ratio of the segment mass is expressed as a percentage of total body mass; **, the percentage of segment length from the proximal end; ***, the percentage of segment length from the distal end).
